The function of the mammalian brain depends on a continuous supply of O2 and glucose. When the brain no longer receives either of these substances, loss of function occurs quickly (83, 254), and viability is endangered when the lack of substrates persists for more than a few minutes (51, 83). These special conditions, which are not found in any other organ, present an important pathophysiological and clinical problem. This review deals with ion movements in the brain under conditions in which the energy metabolism of the brain has been compromised, with special emphasis on ion concentration changes in the interstitial space. The dysfunction of the brain and of ion movements may be linked, because normal brain function requires an intact ion distribution.
During action potentials and synaptic activity there is a net gain of Na+ and Ca2+ in nerve cells. Albeit passive in nature, these processes can only take place if the ions are maintained in electrochemical disequilibrium across the nerve membrane at the expense of ATP hydrolysis.
Brain energy metabolism regenerates ATP, which is the main substrate fueling active ion transport. Accordingly the effects of anoxia, hypoglycemia, and related conditions on brain function and ion distribution are believed to be linked to insufficient ATP regeneration.
The link between brain function and energy metabolism is the key problem in brain anoxia, and this relationship is still poorly understood. Because of the importance of the ionic environment in synaptic transmission and in the function of neurons, the mechanisms that regulate ion content in the brain interstitial fluid and in cellular compartments are considered first. The two central problems in brain anoxia-the rapid loss of function and the irreversible damage or death of brain cells-are addressed with reference to ion movements. The loss of consciousness is not specifically related to the maintenance of ion gradients across the nerve membrane but rather is due to activation of specific ion conductances, whereas the damage may be related to the gross disturbances in ion distribution observed in prolonged anoxia. A description of the spreading depression of Leao (170) is included because this phenomenon exhibits ion changes resembling those observed during cerebral anoxia.
II. ION CONCENTRATIONS IN THE BRAIN
The ion distribution in water spaces of the brain must be known before the ion movements observed during the conditions described below can be understood.
The interstitial space in the brain is confined to narrow clefts 20-50 nm wide between the densely packed nerve and glial cells (291, 296). The enormous surface area of brain cells constitutes the basis for an interstitial space volume of ~20% (176, 221, 235, 245, 296). The interstitial space and the vascular volume together constitute the extracellular space. Because the vascular space has a volume of only l-3% (180), extracellular and interstitial spaces are for all practical purposes identical. The intracellular space has a volume of 80% (146). The cerebrospinal fluid (CSF) volume represents -lo-20% of brain weight (31).
The ISM consists of two glass micropipettes sintered together and possessing a common tip diameter of -1-5 pm. One pipette serves as a common potential-recording electrode; the other contains the ion-selective material. The potential difference between the pipettes represents the ion activity at the tip. The ion-sensitive material is usually a liquid ion exchanger. Ion exchangers are now available in microelectrodes for the detection of [K+] , ma+], [Ca"'l, w+1, and [Cl-] (10,202). The microdimensions of the electrodes allow them to be positioned in tissue without disturbing the local microcirculation. In measurements of interstitial space, special considerations must be taken: the width of the electrode tip is a few micrometers, or -100 times the width of the intercellular cleft (291, 296), and therefore the intrusion of the electrode is likely to disturb local conditions in the interstitial space. Positioning of the electrode in the tissue may create a dead space around the tip (123, 192 (233) or by the magnitude of the undershoot after the action potential (57). Estimation of the [Na+] was obtained from the height of the action potential (l%), and the [Cl-] was determined from the magnitude of the inhibitory postsynaptic potential (IPSP) (184, 191) . For the older techniques to be used, the intracellular concentration of the measured ion must remain constant and the entire surface of the cell must be exposed to the same ion concentration, which may not always be the case. The ion composition of brain ISF has been inferred from measurements of CSF (32, 60, 145, 234) .
That solutes of high molecular weight readily pass between CSF and brain ISF supports the supposition that no significant I ) concentration gradients exist between the two compartments in the steady state (176, 245) . Hence the ionic composition of the interstitial space is reflected by the CSF. The exchange of substances between ISF and CSF involves diffusion processes and bulk flow (62). The rather long time course of these processes creates a disequilibrium between the two spaces during acute changes in ISF composition.
Moreover dilution in the large CSF cavities lessens the reliability of the CSF composition as a representative ISF composition.
Many ISM measurements of brain interstitial ion concentrations have been reported. Some results are shown in Table 1 
A. Changes During Nervous Activity
The ion composition of brain interstitial space undergoes changes related to the electrical activity within the particular area, because the rate of passive ion movements through the nerve membrane increases severalfold more than the rate of active ion transport (128, 129 If one assumes a membrane capacity of 1 pF/cm2 and a membrane area of 25 X lo4 cm2/cm3 ISF (cf. sect. IV), a change in the membrane potential of 10 mV gives a capacitive transfer of K+, which raises [K'J, by 25 PM. Therefore any excess [K'10 increase must take place by exchange with cations or be accompanied by anions. The mechanism by which K+ enters the ISF is unknown, as is the role played by the glial cells.
No study has demonstrated whether the K+ released from neurons during anoxia is taken up by glial cells, as has been found during nervous activity (52) and during SD (20'7). However, conditions that preserve a high level of ATP in brain during ischemia prolong the duration of phase 1, i.e., decrease the rate of increase in the [K+],. The rapid and dramatic change during phase 2 represents a sudden increase in overall ionic permeability of the cell membrane and is described in more detail in section IVD. The level attained in the interstitial space after several minutes of anoxia, equivalent to phase 3 (Table 3) , is significantly lower than expected if K+ is distributed freely 3. Changes in interstitial
The level of the [Ca"'], influences membrane excitability and synaptic transmission and could be involved in the arrest of nervous activity in anoxia. The intracellular [Ca"'] is extremely low (0.0001 mM; 5, 48); therefore the interstitial concentration is inclined to decrease when active extrusion is hampered. However, no decline in the [Ca"'], is initially observed during anoxia. During phase 1 there is a small but significant increase of 0. 
Changes in interstitial
[Na+] and [Cl-]
The dominant ions in the interstitial fluid are Na+ and Cl-( by Cl-influx and partly by K+ efflux to maintain electroneutrality. Because of osmosis, the combined influx of Na+ and Cl-is accompanied by water and constitutes an isosmotic influx of NaCl, as suggested by Van Harreveld (296). Because the interstitial and intracellular spaces are tightly coupled in a closed system such as the ischemic brain, the swelling of the cells is accompanied by an equivalent shrinkage of the interstitial space. Thus the coupling of ATP generation, Na+ net flux, and cell volume expansion is responsible for the initial maintenance of the [Na'L, the [Cl-b, and the [Ca"'], in ischemia. The intracellular production of osmotically active solutes, including lactic acid from glycolysis (X37,266), is responsible for the elevation of the osmolarity in the interstitial fluid (cf. 
Changes in interstitial pH
The pH, has been found to decline consistently during anoxia (59, 153, 209, 286). The magnitude of the pH, change in complete brain ischemia is usually 0.5 units but can be significantly larger in animals rendered hyperglycemic before the ischemic challenge (183, 264), in keeping with the view that the pH, change in ischemia is a consequence of the anaerobic conversion of glucose to lactic acid (183, 266). The pH, change is caused by a decrease in the intracellular [HCO;] due to titration by lactic acid. The released CO2 in turn lowers pH, because CO2 cannot escape by way of the blood. The partial pressure of CO2 (Pco~) in the brain in ischemia has been found to be -120 mmHg (148, 183).
The decrease in the pH, in brain ischemia begins within 15 s after the onset of ischemia and continues during the next few minutes. The fact that the decrease is due mainly to increased CO2 liberated from intracellular HCO, and not to net transport of H+ and HCOS across the cell membrane is supported by the observation that the inhibition of HCO;-Clexchange with 4,4'-diisothiocyanostilbene-2,2'-disulphonic acid (DIDS) (30) or the inhibition of the Na+-H+ exchange with amiloride (3) does not affect the time course or the magnitude of pH, changes (209).
At the beginning of anoxic depolarization there is an unexpected alkaline shift of 0.1 units (153, 209). This finding was only made possible by the development of fast-responding ISM with liquid ion exchangers (202). This early alkaline shift was overlooked in the past or considered to be an electrode artifact due to a spatial separation of the pH and reference electrodes in earlier electrode designs. The explanation of the alkaline shift is somewhat obscure. The brain ISF is devoid of weak acids or bases, and the pH is solely determined by the Pcoz and the value of buffer base or base excess (265). The base excess is equal to the difference between the sum of all nonbuffer cations (K+, Na+, Ca'+, etc.) and the sum of nonbuffer anions (Cl-, lactate, etc.). In brain ISF the value of the base excess is equivalent to the [HCOJ. Determination of interstitial ion concentrations in the brain during ischemia indicates an increased base excess during anoxic depolarization (114, 318), in accordance with the observed alkaline shift at that moment. There is no clear explanation of the increased base excess. The fact that the magnitude of the alkaline shift is increased by pretreatment with DIDS or amiloride (209) suggests that it is due to an inhibition of the Cl--HCO, and Na+-H+ exchange mechanisms (30, 150). During the alkaline shift, the [HCO& increases, whereas the [Cl-], decreases. This process stimulates the Cl-HCO, exchange, resulting in cellular uptake of HCO, and efflux of Cl-, which attenuates the alkaline shift and probably also the decrease in the [Cl], (45). The importance of the exchange mechanisms for the HCO, level during anoxic depolarization can be calculated from the Henderson-Hasselbalch equation (see Table 2 ). If one assumes a local Pcoz of 120 mmHg and uses a solubility factor(s) for CO2 of 0.0318 mM/ by 10.220.32.247 on October 9, 2016
http://physrev.physiology.org/ Downloaded from mmHg and a pK' of 6.133, one finds that the [HCO& increases by 6 mM during the alkaline shift. After application of DIDS and amiloride, however, the values are 16 and 10 mM, respectively (209). The anoxic alkaline shift could be abolished by pretreatment with Mn2+ in the rat cerebellum (153), which points toward involvement of Ca2+ channels. In rat cerebral cortex, Mn2+ was without effect (209). The alkaline shift is followed by an acidic shift, which further lowers the pH,. The maximal pH, value in ischemia depends on the preischemic glucose content in brain (183, 264). If a trickling blood flow is maintained during anoxia, the continuous delivery of glucose causes further lactic acid accumulation (247).
C. Interstitial Ion Concentrations During Spreading Depression of Le&o
Because the mechanisms responsible for the ionic shifts in anoxia are still unresolved, it may be profitable to examine other situations with large ion shifts. The phenomenon of SD has been thoroughly described (43, 170-172, 196,230) . The striking similarities between the events that occur in SD and in brain anoxia suggest that the mechanisms controlling the ionic shifts in the two events are similar.
Spreading depression of Leao represents a chain of events that can be elicited in most parts of the CNS (including the retina) by chemical, electrical, or mechanical stimulation (43). Nicholson and Kraig (220) have specified several characteristics of SD. As the term implies, the chief feature of SD is a transient reduction of EEG activity and of evoked neuronal activity, spreading like a wave from the site of origin. A concomitant transient increase in [K'J, to at least 20 mM occurs and is accompanied by a transient negative deflection in the DC potential (when recorded against a remote electrode) of at least 10 mV. The propagation rate is ~3 mm/min, and the event is followed by a refractory period of l-2 min. If the changes are not transient, it is likely that anoxia or hypoglycemia prevails. During SD in the rat brain cortex there is a characteristic pattern of interstitial ion concentrations that resembles that seen during anoxia (114). The negative deflection in the DC potential is accompanied by a rapid increase in the [K'&, from 3 to ~60 mM within a few seconds and by a decrease in the [Na+],, the [Cl-],, and the [Ca"'], to levels similar to those observed during anoxia ( Fig. 2; Table 3 ; 114). After ~0.5-1 min there is a spontaneous normalization of the ion concentrations (114, 154). It is evident that the process is spontaneously self-limiting. The similarities between the ionic changes in SD and in anoxia (phase 2) suggest that both events have common mechanisms.
In SD (as in anoxia) there is an early increase in the [K'& to -10 mM before the concentrations of the other ions change. In SD, however, the early small [K'& increase lasts only a few seconds before it changes to a rapid rise (114,220). of cellular elements of a given shape is uniform; 2) the shape of the cellular elements in question remains the same; 3) the membrane ion permeability is unaltered, so that current passes exclusively through the extracellular space; and 4) the total ion concentration, i.e., the ISF conductivity, remains constant. None of these criteria is necessarily fulfilled during either normal conditions or anoxia. Probably the impedance method has served its purpose and should now be replaced by ISM techniques.
The shrinkage of interstitial space and the cellular swelling during anoxia are now firmly established.
It is not known, however, whether neurons, glial cells, or both are involved. Earlier studies in which the brain was prepared for electromicroscopic analysis showed virtually no interstitial space (133), because the above-mentioned fluid distribution had already taken place. Fixation of the tissue in vivo cannot prevent this process (302). The elaborate technique used by Van Harreveld and associates (295, 296, 299), consisting of rapid in situ freezing followed by freeze-substitution or freeze-drying, is probably the best way to preserve the in vivo size of the cellular elements. In agreement with the results obtained with extracellularly distributed marker molecules, morphological studies reveal an interstitial space of ~20% (mouse brain cortex). After anoxic depolarization the size of the space decreases to <6% (299). The swollen cellular elements are preferentially apical dendrites; only minor swelling of glial elements is observed (295). The changes in the cortical interstitial space during SD are similar to those in anoxia. The marker space decreases (113) and the impedance increases (130) simultaneously with the occurrence of the negative change in the DC potential. In addition, morphological studies demonstrate a swelling of apical dendrites (301). Thus the changes in the interstitial space in anoxia and in SD are related to ion movements, mainly through the membranes of apical dendrites.
The movements of ions between interstitial space and cellular compartments during ischemia can be calculated from the time course of the concentration and volume changes described above (see Table 5 ). Currently it is not possible to distinguish between fluxes across glial membranes and those across nerve membranes. In one study, however Most of the cations are K+ and Na+. The anions remain largely unidentified, although they are considered to be rather large polyvalent molecules. The ion movements that take place in phase 2 induce changes in the ion composition of the ISF that seem to violate the principles of osmotic balance and electroneutrality (Table 3 ).
Osmotic balance
The values in Table 3 indicate that large reductions in interstitial osmotic pressure and in ionic strength occur in anoxia. The sum of the [Na+],, the [K+lo, tht? WI09 and the calculated [HCO& is ZOO-250 mM, implying that 50 mosM are missing from the interstitial space to match the number of osmoles in the control brain. Because brain osmolality increases by 50 mosM after 1 h of complete cerebral ischemia (137), the number of osmoles required is apparently higher. The high osmotic water permeability of mammalian cells (139) ensures that osmotic disequilibrium between intra-and extracellular compartments rapidly dissipates. In addition the cell membrane cannot sustain any significant hydrostatic pressure difference. Consequently the cells undergo colloid-osmotic swelling, which continues until either the cells burst or the ISF is engulfed. The latter is more likely because of the limited ISF volume. Therefore the apparent osmotic imbalance across the cell membranes could in part be maintained by constraints in the interstitial space. The presence of an extracellular matrix (cell surface coat) composed of negatively charged glycoproteins and glycolipids may hamper the shrinkage of the interstitial space and preserve a distribution volume for solutes outside the cells (190, 219).
Electroneutrality
The values in Table 3 SD (114, 154, 220) . Spreading depression is also accompanied by an efflux of glutamate from the cells (300). Table 3 shows the interstitial ion concentrations at the peak of SD. in the rat brain is 10 ml OZ. 100 g-l l min-' (80), and therefore NaS transport requires about one-half of the total O2 consumption.
Although the calculation rests on a somewhat uncertain basis (due to the ambiguous values of the participating factors), the calculation nevertheless confirms the supposition that a large percentage of brain energy metabolism is required for ion transport. Because neuronal activity is associated with increased ion fluxes, energy metabolism is expected to be augmented in these conditions. and glucose utilization in cervical ganglions (316) and that the poststimulation increase in O2 uptake is abolished by ouabain treatment (252). These findings support the concept that the increased metabolic rate in response to stimulation results from the extra load on the Na+-K+ pump and that ion transport demands a substantial part of brain metabolism. In contrast, Na+-K+ transport in liver (88) and in quiescent striated muscle (58) requires only ~5% of the O2 consumption.
B. Ion Movements and Energy Metabolism in Anoxia
In the ischemic brain, ATP regeneration occurs via anaerobic conversion of endogenous substrates.
The brain contains only small O2 stores. The blood in the microvessels in the brain contains m 150 ml OJliter, corresponding to 0.15 ml 02/100 g brain, because the blood volume in brain is ~1%. With a mean PO, in brain of 20 mmHg (189), a solubility coefficient of 0.022 ml OJml HZ0 atm (284), and a water content of 80%, the amount of dissolved O2 is 0.05 ml/l00 g. Therefore the stores of O2 are 0. The equation takes into account that ATP contains two high-energy phosphate groups, PCr and ADP (one of each), and that anaerobic conversion of glucose and glycogen yields two and nearly three high-energy phosphate groups, respectively (188). The method involves determination of the metabolites from several brains at various times after induction of ischemia. Apart from determination of the heat-accumulation rate (86), this method is the only way to assess the metabolic rate during ischemia.
In the initial period of ischemia the A -P/At in rat brain cortex is -30 pm01 l g-l l min-l, which is comparable with the preanoxic value (266). The cortical concentrations of energy-rich metabolites (pmol/g) are as follows: ATP, 3; PCr, 5; ADP, 0.3; glucose, 3; and glycogen, 2. In anaerobiosis this allows a maximal yield of high-energy phosphate groups of -25 pmol/g, sufficient to support energy metabolism for almost 1 min in ischemia. The rate of cleavage of high-energy phosphate groups, however, declines rapidly after induction of brain ischemia and is only one-third of normal after 10 s. In the second minute it is one-sixth of normal, and after 2 min it is nearly zero (188, 228).
Studies in cats, baboons, and humans with reduced cerebral blood flow indicate one flow threshold for maintenance of EEG and evoked responses and another threshold for K+ homeostasis (18, 36, 120, 290). When cortical blood flow is reduced to 15-20 ml l 100 g-l l min-' (30% of normal), EEG activity and evoked cortical responses disappear, but the [K'10 level is still normal or slightly elevated (18, 36), whereas a reduction to -10% induces a pronounced increase in [K'10 (18, 36).
The total O2 supply at the two flow-threshold values is -3 and -1.5 ml l 100 8-l. min-l, respectively, which corresponds to an O2 consumption of approximately two-thirds and one-third of the human cortex if the extraction fraction of O2 were l(165). This is not the case, and the values are accordingly lower, but precise values are not available. The metabolic rate for brain cortex in the ischemic rat brain is reduced to IO-20% at the end of the initial period (phase 1) (112). At this time the ATP level is reduced to lo-20% of its normal value (12, 112 The quantitative link between energy metabolism and ion homeostasis in brain during ischemia can be evaluated from other studies. If the content of glucose in rat brain is increased by augmenting the plasma concentration of glucose (183), the duration of phase 1 is doubled, whereas the opposite occurs in hypoglycemic animals ( Fig. 4; 108, 264) . The [K'10 at the end of phase 1 remains within 7-10 mM, despite a variation in the duration of this phase. These results are explained by the changed substrate stores available for immediate anaerobic glycolysis. The rate of decline in ATP during ischemia is significantly affected by the glucose level in the brain, but the level of ATP at the end of phase 1 is the same in normo-and hyperglycemic animals (112). The [Ca"'], remains at the normal level during a prolonged phase 1 in hyperglycemic rats (264). The fact that phase 1 can be prolonged by increasing the glucose stores shows that it is not the metabolic apparatus but the stores that are the limiting factor. As discussed in section vB, the large capacity in cold-blooded animals for maintaining interstitial ion concentrations in the brain during anoxia is due to the large stores of glycogen.
The 
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The importance of ATP during anoxia is also demonstrable in brain slices, where the ability to maintain evoked responses in anoxia is prolonged by pretreatment of the slices with creatine (182). This exposure leads to a fivefold increase in PCr, and the ability to regenerate ATP during anoxia is enhanced. Surprisingly ion homeostasis in brain slices has not been investigated during anoxia.
The above experiments illustrate that augmented capacity for ATP regeneration preserves the brain interstitial ion concentration during ischemia. It is not known whether there is a causal relationship or just a covariation with some unknown factor that is more directly involved. It is certain that other mechanisms do operate. In rats, where the preischemic cerebral metabolic rate is changed by analeptics, sedatives, cooling, and heating, the duration of phase 1 is inversely correlated with the preischemic O2 uptake (15). Because the stores of carbohydrates and high-energy phosphates in brain were almost the same in the different groups, the authors ascribed the varying rate of rise in the [K'& and the different duration of phase 1 to changes in general membrane ion permeability. Thus the preischemic O2 uptake of the brain may have an impact on the membrane ion permeability. Accordingly it has been reported that the rate of decline of ATP in brain cortex is faster in animals with high preischemic O2 uptake (225). The fast rise (phase 2) is consistently found in lissencephalic brains of small animals but not invariably in gyrencephalic brains (sect. vB)? In a tissue like skeletal muscle, the rate of rise in the [K'10 during anoxia is much slower than in the brain. After 10 min of circulatory arrest, no significant increase is seen (268). The increase in impedance (sect. IIID) also occurs much more slowly in other organs (298). The initiation of phase 2 was formerly ascribed to the severe reduction in ATP levels in the brain and to the ensuing insufficient ion-pumping activity. A simple calculation shows that an increase in the ionic permeability is necessary. Suppose that 90% of the ATP hydrolysis in the brain cortex (30 pmol.g-l l min-') is related to maintenance of ion gradients across cell membranes.
The Na+-K+-ATPase uses 1 mol of ATP to transport 3 mol of Na+ out of and 2 mol of K+ into the cell. and an increase in cortical impedance (237). These changes occur without interfering with the supply of O2 and are readily reversed by supply of glucose (14, 237).
C. Energy Metabolism During Spreading Depression
The similarities between ionic changes in anoxia and in SD suggest a common genesis. This is surprising because it is difficult to envisage similar drastic changes in the supply of ATP and other energy-rich compounds during the rather brief transient condition present in SD. Determinations of cortical metabolites in the rat brain show only small decreases in the level of energyrich phosphates before or at the moment of the steep ionic changes, similar to the anoxic phase 2 (155, 244). These observations strongly suggest that marked interstitial ion changes can occur without a significant decrease in substrates for ion pumpinga surprising finding that is difficult to reconcile with conventional concepts of cause and effect in ionic derangements. It is as if some other effective mechanism or intermediary compound controls membrane permeability.
Despite the continued blood supply during SD, the rate of glycolysis rises before the marked ionic events occur (loo), and in both conditions an accumulation of cyclic AMP is observed (156, 259, 278); the significance of this finding is obscure. 195) . The slow rise in the [K'J-, lasted 25 min in a 4-day-old rat during nitrogen inhalation, compared with 2 min in an adult (107), and was followed by a faster rate of increase accompanied by a negative deflection in the DC potential. The fast rate of the [K+& rise was slower than in adults and started at the higher level of 30 mM. This high concentration parallels the finding of an increased ceiling level of the [K'10 during activity in the immature nervous system (56, 208). The long duration of phase 1 is in part explained by the more anoxia-resistant cardiovascular system in the immature animals (66), which ensures continuous substrate supply for brain energy metabolism during anoxia. This is illustrated by the observation that when ischemia is established, phase 1 is shortened to 10 min in the 4-day-old rat.
The better K+ homeostasis in the immature brain during ischemia is not well understood but may be explained by smaller demands for ion pumping in the immature brain. The neurons are smaller and less highly branched (75) and there are fewer synapses (2), indicating less functional surface for ion dissipation than in the adult. In addition the immature brain has a larger interstitial space (28). The stores of energy-rich substrates in the immature brain are not larger than those in the adult, but the rate of energy metabolism in the immature brain is only 5-20%, depending on age (74, 112, 132). The fact that the glycolytic capacity in the immature brain is sufficient to regenerate ATP at ~50% of the normal rate (74, 112), compared with only 25% in the adult brain (228), may be important in this connection.
B. Cold-Blooded Animals
The ability of cold-blooded animals to withstand long periods of anoxia is remarkable (127). Their ability to maintain the [K'& near the normal value during anoxia is equally impressive.
During nitrogen inhalation the [K+& of the telencephalon in the turtle (Pseudemys scripta) never exhibits a steep increase and increases only by a few millimoles per liter even when the anoxic period is extended to 4 h (260). The explanation for this exceptional ability to keep the brain [K'10 low during anoxia touches on several aspects of turtle brain energy metabolism.
In turtles the rate of energy metabolism is only ~2% of that in rats (199). The brain is equipped with unusually large stores of glycogen (eight times the amount in rats), which is the main reason for the potential of high-energy phosphate group generation of 70 pmol/gabout three times that of the rat (sect. IvB). Because of the high anaerobic glycolytic capacity, it is possible to maintain -50% of the normal rate of energy metabolism via this route during anoxia (199). Accordingly the ATP content after decapitation in the turtle declines very slowly and attains ~10% of the initial level after only 4 h (199). at which the fast rate of rise starts corresponds to that in rats; it is 6-10 mM in rats (25) and 13 mM in baboons (115). The different phases are considerably longer than in the rat, but direct comparison is difficult because of differences in the cardiovascular tolerance to anoxia and to the uncharacterized collateral blood supply that occurs with middle cerebral artery occlusion.
Some workers were apparently unable to demonstrate a biphasic increase in the [K'10 during anoxia or ischemia in cats and dogs (17,135). Even though the [K'10 increases beyond the ceiling level, an SD type of response cannot be elicited. Thus the larger brain in gyrencephalic animals does not invariably show the characteristically rapid increase in the [K'J, during anoxia. The fact that eliciting SD in gyrencephalic animals requires more extensive noxious stimuli than in lissencephalic animals like the rat might thereby be important (43, 196) . Spreading depression has, however, been demonstrated in most animals and possibly in humans (276).
D. Regional DiIerences in the Brain
For practical purposes, most studies dealing with interstitial ion concentration in the brain have been conducted on the cerebral cortex. Bures and Buresova (42) investigated regional differences in the [K'10 increase in response to respiratory arrest. They observed the well-known response of a slow initial rise, followed by an abrupt increase in gray matter structures such as the neocortex, hippocampus, amygdala, caudate nucleus, and thalamus, whereas a considerably lower rate of rise during the second phase was demonstrated in the reticular formation, zona incerta, and hypothalamus. Again it seems likely that the same mechanisms controlling elicitation of SD operate because these latter structures have a low susceptibility to SD (43). Apart from this investigation, regional differences in the anoxic pattern have not been reported, although such studies might shed light on possible relationships between structure and function. Moreover it might be expected that different ratios between nerve and glial elements in individual regions might be reflected in the K+ response. The rate-limiting enzymes (tyrosine and tryptophan hydroxylase) for the synthesis of dopamine, norepinephrine, and serotonin have a Michaelis constant for O2 (K,) of PO, = 5-10 mmHg (84, 92), which is quite near the PO, level normally encountered in the brain (189); therefore the rate of synthesis declines during hypoxia (63,64). Despite a dependence on O2 availability, the reduced rate of synthesis has not been shown to have any impact on the transmission process. It may be that the reduced rate reflects, rather than causes, a lowered synaptic activity. Consequently the rate of synthesis can be increased by depolarization of brain tissue (205). The release of amino acid neurotransmitters in cerebellar slices is unaffected by 30 min of anoxia (29); in fact, the release of glutamate was augmented in anoxia (29, 69).
The transmission failure may instead be related to depolarization due to pump failure (78, 181), most probably occurring in the thin presynaptic terminals (54, 78). However, no direct evidence is available to support this hypothesis. The early neuronal response is a hyperpolarization (101,104,110, 2'74,275), accompanied by a reduction of membrane resistance (110,274), due to a selective increase in K+ conductance (llO), all of which are important factors in this connection. Hyperpolarization lowers the excitability of nerve cells, whereas increased membrane conductance to K+ clamps the membrane potential and short-circuits the membrane, thereby attenuating potentials induced by presynaptic activity. This theory favors the postsynaptic site as the source of anoxic transmission failure. The observation that transmitterevoked activity is blocked in anoxic nerve cells points in the same direction (102), as does the observation that presynaptic potentials persist when postsynaptic responses are abolished in anoxia (143).
The two key phenomena, hyperpolarization and lowered membrane resistance, have been reported after exposure of cortical neurons to metabolic inhibitors such as 2,4-dinitrophenol (102, 157, 163). Thus the loss of activity in nerve cells can currently be explained by hyperpolarization and by a reduction of membrane resistance. The site of action for this effect is the neuronal soma. The axon is much less susceptible to anoxia: an anoxic period of -20 min elapses before action potentials and axoplasmic transport are blocked (1, 89, 175, 231) , and the conduction block only occurs when the marked changes in interstitial ion concentrations take place (135). Ca2+ extrusion (73), 2) Na+-Ca2+ exchange driven by the Na+ gradient (26), and 3) Ca2+-uptake systems located in the mitochondria and in other cell organelles (27,39,174). The dependence of Ca2+ sequestration on ATP regeneration makes its intracellular level sensitive to the rate of energy metabolism (27,39,174). When it is compromised, Ca2+ is released from the organelles (19, 39) , activating the K+ conductance in the cell membrane and thus decreasing excitability.
In this situation the Ca2+ acts as a messenger between the metabolic apparatus and the excitable cell membrane, adjusting cell activity to the metabolic capacity. Intraneuronal injection of Ca2+ mimics the effect of metabolic poisoning The fact that the permeability of excitable membranes may be related to protein phosphorylation is in line with this hypothesis (218,249). It is now well established that extracellular signals such as hormones and transmitters produce specific physiological responses in nerve cells involving phosphorylation processes (213, 309). The first messengers act by changing the intracellular levels of cyclic AMP, cyclic GMP, and Ca2+. The second messengers in turn produce their responses through activation of protein kinases, resulting in phosphorylation of substrate proteins, again followed by a specific biological response.
It is highly likely, although not proven, that anoxia can manifest its action in the nervous system via the system described above, because the start of anoxia immediately increases the level of cyclic AMP (259) and of intracellular Ca2+ (39). The ensuing fall in the ATP level probably influences the synthesis of cyclic AMP and protein phosphorylation (278). Recently, a patch-clamp technique demonstrated ATP-dependent K+ channels in cardiac muscle cells (226). Treatment with cyanide or exposure of the inside of the membrane to ATP-free solutions activates the channels, whereas high ATP levels cause inactivation.
This observation suggests that the action of anoxia on nervous function may be mediated through an activation of K+ channels, probably by a change in the state of phosphorylation of some membrane protein. Whether these channels also are present in the nerve membrane is not yet established.
Perhaps O2 in itself affects nerve cell excitability. This suggestion is partly based on the time relationship between the very fast decline in L2 in brain and the arrest of the EEG activity (248). Because axons conduct impulses for several minutes in total anoxia and because the arrest of EEG activity in brain anoxia can be delayed by either increasing the stores of energy-rich substances in the brain or by lowering the metabolic rate (15, 108), O2 per se probably does not play a direct role. Evoked responses in brain slices maintained in vitro persist four times longer during anoxia when the stores of PCr are artificially increased before the anoxia (311). This result emphasizes that nervous tissue is able to maintain a high rate of ATP regeneration, and that it is the ATP level that is critical for the excitability of the mammalian brain during anoxia and not the Po2 itself.
Late changes
When the anoxic period is sufficiently long, the early hyperpolarization or slow depolarization is followed by a much faster rate of depolarization (54, 55,104, 110, 274). Possibly neurons become critically depolarized by the elevated [K'10 during phase 1, and the rapid and gross ion shifts are related to those occurring during an action potential, caused by abnormal opening and closing of voltage-dependent channels. However, the routes for the ionic movements are not firmly established. There are, however, signs of an increased membrane permeability in brain during anoxia. Under these conditions, retinas kept in vitro display an increased distribution volume for mannitol in absolute terms and also relative to the inulin space (7, 236). In fact the cell membrane permeability to ions and nonelectrolytes (e.g., uridine and deoxyglucose) increases when the intracellular level of ATP is lowered (194, 256) . Again it is tempting to invoke the involvement of protein phosphorylation for the permeability changes observed in anoxia.
The cellular elements responsible for the ionic fluxes in anoxia are thought to be the neurons because (unlike astrocytes) they are able to vary their ionic conductances (164). In small animals the astrocytes comprise only lo-20% of the brain volume, in agreement with the supposition that these cells are of minor importance with respect to the marked ionic fluxes in anoxia. Changes in the membrane structure of astrocytes have, however, been disclosed by the freeze-fracture technique after a few minutes of anoxia (166)-an interesting finding that calls for renewed study of glial cell function in anoxia.
Rigorous data on membrane permeability in brain anoxia are still scanty. Therefore studies of SD may be useful if similar mechanisms operate in the two conditions. . These results are important because they imply that the ionic shifts during SD are not the result of a total breakdown of membrane integrity but rather are due to activation of a specific permeability mechanism, excluding ions above a certain size, thus preserving some selectivity. The molecular mechanisms of the permeability changes are far from established.
The involvement of the classic ion channels is not proven but cannot be crucial, as evidenced by two facts: the diameters of the K+ channels (0.3 nm) and the Na+ channels (0.3 X 0.5 nm) (124) are obviously too small to allow passage of the probe anions mentioned above. Also tetrodotoxin can prevent neither the occurrence of SD (280) nor the decline in the [Na+& during SD (287). This does not preclude activation of these channels during SD but rather suggests that they are of minor importance. Instead of invoking an unknown permeability mechanism, Nicholson and Kraig (220) suggested that the channels activated during SD are transmitter dependent, in line with the glutamate theory by Van Harreveld (297). However, they implicated both excitatory and inhibitory transmitter-operated channels. The initiating mechanism for transmitter release might be the initial slow increase in the [K+10 in SD (114, 154) . This induced depolarization of presynaptic terminals might activate Ca2+ channels, and the Ca2' influx would in turn cause the release of both excitatory and inhibitory transmitters from the nerve endings. The excitatory transmitters acting on Na+ and Ca2+ channels in the postsynaptic membrane would lead to depolarization and to the exit of K+ down the electrochemical gradient. The increase in the [K'& leads to further depolarization of the presynaptic terminals and to sustained transmitter release evoked by the influx of Ca2+. A positive-feedback loop between the [K+& and the transmitters is thus established and could explain the cascade character of the fast [K+10 increase. Likewise the inhibitory transmitters activate anion channels on the postsynaptic site. Release of glutamate has in fact been demonstrated during SD (300).
Observations that reduced [Ca"'], (197) and high [Mg"+10 (297) antagonize SD elicitation seem to corroborate the transmitter hypothesis. More important is the observation that the current induced by glutamate in the vertebrate neuron increases when the cell is depolarized. Thus the current has properties resembling that of a regenerative system, e.g., the Na+ conductance during the action potential (229 The dramatic ionic shifts do not represent a point of no return in either anoxia or SD. Because of the obvious clinical interest in reversibility of anoxic brain damage., this theme is discussed in some detail.
A. Blood Flow and Energy Metabolism
The resumption of cerebral blood flow after a period of ischemia is clearly essential for ionic normalization.
Earlier it was proposed that the remaining functional defects in the brain after anoxia could be ascribed to vascular obstruction, a so called no-reflow phenomenon (9). The theory could explain why nervous tissue (e.g., the retina) maintained in vitro could sustain much longer periods of anoxia than the brain in vivo (6); however, it has not received much experimental support (177). Although the cerebral vessels are contracted during the anoxic period (261) neurons. The effect was assumed to result from the lack of an activity-dependent Ca2+ influx. Some observations, however, contradict the pivotal role of Ca2+ in producing cell damage in the brain. In SD the influx of Ca2+ is apparently similar to that in anoxia (sect. IIIC), but no serious cellular damage is observed. In fact the disturbance is reversed within a few minutes, but the time of Ca2+ influx is much shorter, so the possibility remains that an effect related to the mass of Ca2+ entering the cells may play a role. One speculation is that a synergistic damaging effect of ATP depletion plus intracellular Ca2+ accumulation might occur. Studies on hippocampal slice preparations point toward a combined effect of ATP depletion and Ca2+ influx for the development of anoxic damage (143). In the more mild disturbance occurring in SD, there is no depletion of ATP (155,244). Recent studies on heart mitochondria have focused on the increased intracellular levels of phosphate and calcium during ischemia as possible causes of the damage induced by subsequent reoxygenation (167).
Despite these factors, the return of brain function requires the reestablishment of normal ion gradients. The lack of correspondence between the degree of ion derangement and the ability of the brain to recover is not surprising in view of the complexity of the system, but it emphasizes the need to search for other subtle derangements, perhaps in the synaptic transmission system. The study of Kass and Lipton (143) was focused mainly on synapses, inasmuch as they showed that anoxia and subsequent reoxygenation did not affect nerve impulse propagation but abolished the postsynaptic part of the evoked response. Thus their study also emphasized a combined role of ATP depletion and Ca2+ influx in the genesis of anoxic brain damage.
IX. CONCLUSION
The ion concentrations in brain ISF are strongly affected when the blood or O2 supply is arrested. Functionally, the condition is characterized by the loss of consciousness and of electrical activity within seconds. Phase 2 is accompanied by a fast negative deflection of the interstitial electrical potential with an amplitude of -20 mV (the interstitium being negative with respect to the blood).
The ionic changes correspond to features of the hypothesis that ionic equilibrium is attained between intra-and extracellular space in phase 2. These pronounced changes obviously suppress normal nervous activity, but early cessation of the EEG takes place within 20 s of anoxia, when the interstitial ion concentrations are hardly affected. Other explanations must therefore be sought for the early loss of consciousness, which may be caused by changes occurring at the postsynaptic site. Two key phenomena, early hyperpolarization and lowered membrane resistance, reduce excitability and may lead to a termination of nervous transmission. The postsynaptic membrane is presumably short-circuited, leading to diminished transmitter-evoked potentials. An important event is an increase in nerve cell K+ conductance, possibly elicited by an increase in intracellular [Ca"']. The disruptive ionic changes in anoxia arise from the inability of anaerobic glycolysis to provide sufficient ATP, but the loss of brain electrical activity occurs before the ATP level is lowered. The opening of unselective channels in nerve cells that are critically dependent on a sufficient rate of ATP regeneration produces the extracellular-intracellular ionic equilibration during phase 2. When the brain ATP level is kept high during anoxia, either by prolonging the ability to regenerate ATP by increasing the glucose stores in brain or by lowering the metabolic rate (hypothermia), the process of ionic equilibration is significantly delayed. The ionic changes are believed to be mediated via changes in nerve cell permeability, but this has not been proven. The possibility remains that glial cells may also change their permeability.
The spreading depression of Leao exhibits similar but much more rapid interstitial ionic changes that nevertheless normalize quickly. The ATP content is not lowered in this condition, indicating that abrupt and marked ionic changes are possible without perturbation of the ATP level. In SD the fast ionic changes are definitely not due to activation of the Hodgkin-Huxley voltage-dependent channels but are mediated by activation of pores with by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/ Downloaded from diameters smaller than 0.7 nm; these pores may be transmitter-operated channels.
It is now evident that phosphorylation of membrane proteins is important for neuronal functions such as the preservation of normal membrane permeability; it may be significant that many of the compounds operating in this system (e.g., cyclic AMP, Ca2+, and ATP) are influenced by anoxia. The role of protein phosphorylation in anoxia is still not clearly understood. The patch-clamp technique seems particularly well suited to the study of early and late membrane changes in anoxia and to the characterization of the channels involved in the abrupt and dramatic disturbances in ion concentrations.
The abnormal interstitial ion concentrations are readily reversible with reoxygenation.
There is no correspondence between the time for normalization of ion concentrations and the return of electrical activity, a discordance comparable to that at the onset of anoxia. Thus the ionic changes are a sign rather than a cause of the key disturbance, which still remains enigmatic. Possibly a marked influx of Ca2+ triggers lethal processes within the cell, which after delayed reoxygenation leads to irreversible cell damage and definitive loss of function, but there is still a substantial lack of knowledge about the nature of the intracellular derangements. 
